Positron emission tomography (PET) can, when used with appropriate radioligands, non-invasively generate temporal and spatial information about acute changes in brain neurotransmitter systems. We for the first time evaluate the novel 5-HT 2A receptor agonist PET radioligand, [ 11 C]Cimbi-36, for its sensitivity to detect changes in endogenous cerebral 5-HT levels, as induced by different pharmacological challenges. To enable a direct translation of PET imaging data to changes in brain 5-HT levels, we calibrated the [ 11 C]Cimbi-36 PET signal in the pig brain by simultaneous measurements of extracellular 5-HT levels with microdialysis and [ 11 C]Cimbi-36 PET after various acute interventions (saline, citalopram, citalopram þ pindolol, fenfluramine). In a subset of pigs, para-chlorophenylalanine pretreatment was given to deplete cerebral 5-HT. The interventions increased the cerebral extracellular 5-HT levels to 2-11 times baseline, with fenfluramine being the most potent pharmacological enhancer of 5-HT release, and induced a varying degree of decline in [ 11 C]Cimbi-36 binding in the brain, consistent with the occupancy competition model. The observed correlation between changes in the extracellular 5-HT level in the pig brain and the 5-HT 2A receptor occupancy indicates that [ 11 C]Cimbi-36 binding is sensitive to changes in endogenous 5-HT levels, although only detectable with PET when the 5-HT release is sufficiently high.
Introduction
Positron emission tomography (PET), when used with appropriate radioligands can non-invasively generate temporal and spatial information about acute changes in neurotransmitter systems in the brain; in particular, imaging of changes in the cerebral dopamine levels. For example, the PET radioligands [ 11 C]-raclopride and [ 123 I]IBZM have expanded the knowledge of the dopaminergic mechanisms involved in disorders such as schizophrenia, Parkinson's, and stimulant abuse. 1 Only to a lesser extent has this approach been successfully applied to imaging of other neurotransmitter systems, such as the opioid, 2 serotonin, 3 and other neurotransmitter systems. 4 Neuropsychiatric disorders such as depression and migraine are ameliorated by pharmacological modulation of the serotonin (5-HT) system and this constitutes an established treatment for these disorders. 5 PET imaging of the cerebral dynamic changes of the 5-HT level would make an important contribution to the understanding of the serotonergic mechanisms involved in these disorders, the underlying mechanisms behind the effect of, for example, pharmacological treatment or other interventions and could potentially lead to new treatments. Several studies have investigated PET radioligands for their ability to be displaced by endogenously released 5-HT. Five studies with the 5-HT 2A antagonist radiotracer [ 18 F]altanserin and [ 18 F]setoperone were performed in humans, with various pharmacological challenges. A single dose of paroxetine, 6 intravenous ketamine 7 and pindolol plus citalopram 8 did not induce any significant changes in [ 18 F]altanserin binding or [ 18 F]setoperone binding. Clomipramine 9 and dexfenfluramine 10 (40 or 60 mg single oral dose) dose-dependently decreased [ 18 F]altanserin binding in several brain regions. In addition, during sleep in sleep-deprived individuals, [ 18 F]altanserin binding increases, consistent with lower 5-HT levels, known to occur during sleep. 11 According to the competition model, there are three factors, which determine the ability of a tracer to detect changes in synaptic neurotransmission: affinity of the neurotransmitter for its receptor, K NT , the basal neurotransmitter concentration in the interstitial fluid, F NT , and the challenge-induced change in neurotransmitter concentration, ÁF NT . The relationship between the resulting receptor occupancy and these variables is described by the equation 3 Occupancy
That is, if the challenge-induced change in 5-HT concentration is much larger than K NT þ F NT , then changes in radioligand binding with PET may be much more readily detected. Accordingly, we speculate that the different outcomes of the studies mentioned above 7-10 may be due to the extent to which the different challenges affect synaptic 5-HT levels.
We recently developed and assessed the first 5-HT 2A receptor agonist PET radioligand [ 11 C]Cimbi36 in humans. 12 Agonists have generally been suggested to be more sensitive to neurotransmitter release as compared to antagonist radioligands 13, 14 and preliminary data in non-human primates suggest that [ 11 C]Cimbi36 binding is reduced following intravenous fenfluramine (5 mg/kg). 15 For clinical studies, however, fenfluramine cannot be given at such high doses, and instead the 5-HT transporter selective inhibitor (es)citalopram has often been used as a tool to induce 5-HT increases in the human brain. Two recent PETstudies in humans question, however, if intravenous citalopram is capable of acutely increasing 5-HT levels and they both suggest that due to the 5-HT autoreceptors, an acute SSRI intervention results in a decrease in brain interstitial fluid 5-HT levels. 16, 17 In the absence of a direct measure of brain interstitial 5-HT concentration, such as done by state-of-the-art in vivo cerebral microdialysis, 18 the matter is, however, difficult to settle.
The aim of the present study was to measure the effect of different pharmacological interventions on 5-HT by cerebral microdialysis and to correlate this outcome to the occupancy of the 5-HT 2A receptor agonist radioligand [ 11 C]Cimbi36. We measured pharmacologically induced changes in 5-HT levels in the medial prefrontal cortex (mPFC) in vivo in pigs and assessed simultaneously changes in [ 11 C]Cimbi36 binding. We hypothesized that the different challenges would induce varying increases in the regional 5-HT brain level as measured with microdialysis, and a corresponding decline in [ 11 C]Cimbi36 receptor binding in the brain.
Material and methods Animals
We used 13 female 9-to 10-week-old Danish Landrace pigs weighing 24 AE 1.5 kg (mean AE SD) in this study. All animal experiments were performed in accordance with the European Communities Council Resolves of 22 September 2010 (2010/63/EU) and approved by the Danish Veterinary and Food Administration's Council for Animal Experimentation (Journal No. 2012-15-2934-00156), and is in compliance with the ARRIVE guidelines (www.nc3rs.org.uk/arriveguidelines). We housed the pigs and performed tranquilization, anesthesia, intubation, installation of arterial and venous intravenous lines in the morning, monitoring and sacrifice of animals late afternoon as previously described. 19 On the day of investigation, we implanted microdialysis guide cannulas bilaterally into the medial prefrontal cortex (mPFC). After midline sagittal incision and exposure of the skull, we placed two burr holes 25 mm anterior and 8 mm lateral to each side of bregma, incised dura and secured hemostasis. Then we placed an anchor screw anterolateral to the right burr hole and decorticated the skull to allow fixation of the 10 mm CMA 12 guide cannulas (CMA, Kista, Sweden), which we introduced through each burr hole in a direction perpendicular to the skull and fixed with Dentalon Plus Cement (Heraeus Kulzer GmbH, Hanau, Germany). After surgery, we inserted a CMA 12 metal-free microdialysis probe (CMA Microdialysis) with a membrane length of 4 mm and a molecular weight cut-off value of 20 kDa through each of the cannulas. The coordinates allowed full embedment of the membrane in grey matter of mPFC. A postoperative MRI from a 3.0 T Siemens VERIO MR scanner, which we analyzed with the Brainlab Stereotactic Planning software and manual co-registration to a histology slice, served to confirm the correct position of the probe in the grey matter of mPFC of the pig brain.
Study design
All baseline and challenge PET scans were conducted on the same day, in fixed order. Microdialysis probes were implanted bilaterally in the mPFC and we confirmed the correct position with a postoperative brain MRI, as described above. A 2-h wash-out period was allowed for the microdialysis to reach a stable baseline level. The two PET scans, each lasting 90 min, were conducted with at least 30 min apart. After completion of the first PET scan, we administered the pharmacological interventions intravenously, with the aim to acutely increase the extracellular 5-HT levels.
After the last PET scan, we excised tissue from the mPFC where the microdialysis probe had been implanted. The tissue was quickly frozen on dry ice and stored in a À80 C freezer until further analyzed for either content of 5-HT or sliced in a microtome and stained to obtain a histology slice that could be compared to the MRI, for establishment of probe placement in the grey matter of mPFC.
Pharmacological interventions
To confirm that a change in radioligand binding was not caused by direct interaction between fenfluramine and the 5-HT 2A receptor 20, 21 we gave two pigs that later received fenfluramine intramuscular para-chlorophenylalanine (pPCA) 22 prior to the day of the PET-scan. pCPA is an irreversible inhibitor of the enzyme tryptophan hydroxylase, which catalyzes the rate-limiting step in 5-HT biosynthesis, and we have previously shown that pCPA substantially reduces 5-HT level in the pig brain without altering 5-HT 2A receptor density. 23 Thus, nine of the 13 pigs received a four-day pretreatment of intramuscular saline 10 mL (N ¼ 7) or pCPA 100 mg/kg (N ¼ 2) in a solution of 2 ml/kg. The intramuscular injections required sedation of the pigs with a solution of dexmedetomidin 50 mg/kg, butorphanol 0.2 mg/kg and midazolam 0.15 mg/kg on the first day. On the following days, propofol 4 mg/kg and midazolam 0.1 mg/ kg were given intravenously in a catheter placed in the ear. After the procedures, the pigs were given atipamezole 200 mg/kg for reversal of anesthesia.
In pilot experiments prior to the ones described here, we tested the effect of three different doses of fenfluramine; 0.05 mg/kg, 0.5 mg/kg and 2.0 mg/kg, but when 2 mg/kg was given, the pig started to shiver and showed a large increase in vital signs, so the injection was interrupted after g had been given. Since the dose of 0.05 mg/kg did not induce any significant alterations in microdialysate 5-HT levels, we chose to give a final dose of 0.5 mg/kg.
Interventions between the two PET-scans were given 15 min prior to the second scan and consisted of either
. Citalopram 2 mg/kg (Selective 5-HT reuptake inhibitor (SSRI), N ¼ 2) . Citalopram 2 mg/kg, preceded by pindolol 1 mg/kg, given 30 min prior to the second scan (5-HT 1A autoreceptor antagonist, N ¼ 3) . Fenfluramine 0.5 mg/kg (5-HT releaser, N ¼ 4) . Fenfluramine 0.5 mg/kg with pCPA pre-treatment (5-HT depletion, N ¼ 2)
Unexpectedly, two pigs assigned for fenfluramine 0.5 mg/kg intervention, did not respond to the challenge as evaluated by both microdialysate 5-HT levels and PET measures. These studies were conducted five months after the initial experiments, which raised the concern that in between the experiments, the fenfluramine had either decomposed or the content had been replaced by some unknown 5-HT inactive material. We acquired a new batch of fenfluramine and compared it to the remaining powder in the vial. Visual inspection, HPLC analysis and new trials in mice and pigs supported that the vial content had been replaced. Accordingly, we excluded these two pigs from the group analyses of pharmacological interventions with fenfluramine, but we did not exclude them from the correlation analysis of microdialysis and PET measures.
Microdialysis and 5-HT measurements
We placed the pig in the PET scanner and allowed a 2-h washout period to obtain steady baseline microdialysis level. The probes were perfused with a standard Ringer solution (147 mM NaCl, 4 mM KCl and 2.3 mM CaCl2, adjusted to pH 6.5) at a flow rate of 1.0 mL/ min. From both probes, we collected 15 min timeseries of samples of extracellular fluid to be analyzed off-line for monoamines by HPLC. After a 2-h washout period, we collected 16 samples with 15 min interval. The microdialysate samples were quickly frozen on dry ice and stored in a À80 C freezer until further analyzed.
We determined the relative changes in 5-HT concentrations in the dialysates and the absolute 5-HT concentration in brain tissue samples by HPLC, with electrochemical detection. The column was a Prodigy 3 m ODS (3) C18 (DA 2 mm Â 100 mm, particle size 3 mm, Phenomenex, Torrance, CA, USA). The mobile phase consisted of 55 mM sodium acetate, 1 mM octanesulfonic acid, 0.1 mM Na2EDTA and 8% acetonitrile, adjusted to pH 3.2 with 0.1 M acetic acid, and was degassed with an on-line degasser. Ten microliters of the dialysate samples was injected, and the flow rate was 0.15 mL/min. The electrochemical detection was done with an amperometric detector (Antec Decade, Antec, Leiden, the Netherlands) with a glassy carbon electrode set at 0.8 V, with an Ag/ AgCl reference electrode.
The excised pig brain blocks were homogenised in perchloric acid 0.1 N. After centrifugation at 14,000 r/ min for 30 min, 200 mL of the supernatant was filtered through a glass 0.22 mm filter Avantec 13CP020AS. The 5-HT tissue concentrations in the pig brain homogenate was calculated as 5-HT ug/g brain tissue and represent as mean AE SEM for the saline and the pCPA-treated group.
The output of the HPLC was recorded by the program ''LC solution'' (Simadzu, Columbia, MD, USA), which also was used to calculate the peak areas. We determined the baseline level on the basis of the mean peak area obtained by the HPLC from the three samples preceding the pharmacological intervention. We used the baseline level to calculate the relative change in the 5-HT levels of the following samples. In 10 of the 13 pigs, stable baseline 5-HT levels were achieved on both sides; in three pigs, only one probe returned stable baseline levels.
PET scanning protocol
PET scans were obtained in list mode with a high-resolution research tomography (HRRT) scanner, with the pig in the prone position. [ 11 C]Cimbi36 was given as an intravenous bolus injection and data acquisition began at the time of injection. The synthesis and radiochemical labeling of [ 11 C]Cimbi36 has previously been described. 12 The mean injected [ 11 C]Cimbi36 was 471 MBq (range, 197-510 MBq; N ¼ 26), and the average injected mass was 1.20 mg (range 0.10-3.55 mg; N ¼ 26). During the first 20 min of the PET scan, whole blood radioactivity was continuously measured using an ABSS autosampler (Allogg Technology, Mariefred, Sweden) counting coincidences in a lead-shielded detector. In addition, blood samples were manually drawn at 2.5, 5, 10, 20, 30, 50, 70 and 90 min and the radioactivity in whole blood and plasma was measured in a well counter (Cobra 5003, Packard Instruments, PerkinElmer, Skovlunde, Denmark) that was cross-calibrated to the HRRT scanner and autosampler. Radiolabeled parent compound and metabolites were measured in plasma using HPLC with online radioactivity detection as previously described. 24 An average parent compound fraction-time curve was generated, based on all baseline scans in this study and the data were fitted to a biexponential function. This function was used with the individual plasma radioactivity concentration curves from the combined baseline and intervention scans to generate the individual plasma parent compound input functions.
Quantification of PET data
The [ 11 C]Cimbi36 HRRT PET data were reconstructed into 38 frames of increasing length (6 Â 10, 6 Â 20, 4 Â 30, 9 Â 60, 2 Â 180, 8 Â 300, 3 Â 600 s). Images consisted of 207 planes of 256 Â 256 voxels of 1.22 Â 1.22 Â 1.22 mm. Summed images of all counts in the 90 min scan were reconstructed for each pig and used for co-registration to a standardized MRI-based atlas of the Danish Landrace pig brain, similar to that previously published for the Go¨ttingen minipig, 25 using the software Register, as previously described. 26 Each coregistration was verified by visual inspection before extraction of time-radioactivity curves (TACs) from the volumes of interest (VOIs), and adjusted if needed. The TACs were determined for the following VOIs: Neocortex and cortical white matter, cerebellum, hippocampus, striatum (caudate and putamen) and thalamus (medial and lateral thalamus).
We quantified the 5-HT 2A receptor binding with [ 11 C]Cimbi36 both with the 2TC and Logan invasive modeling; the latter model generated a higher number of converging regional fitting and was thus chosen for further analysis. We calculated the volumes of distribution (V T ) for the VOIs with PMOD software (version 3.0; PMOD Technologies, Zu¨rich, Switzerland). The V T of the baseline and intervention scan was used to determine occupancy by use of the occupancy plot. 27, 28 The standard coefficient of variance (COV) was below 10% for all regional V T s. Data that did not fulfill this criterion were not included in the analysis.
Statistical analysis
We correlated the occupancy as measured by PET with the highest peak increase (of the left or right microdialysis probe) in extracellular 5-HT levels. Unless performed with very time-consuming methods 29 incompatible with the use of short-lived radioisotypes and the need to conduct two PET studies, microdialysis experiments do not generate absolute 5-HT concentrations. Instead, we assumed a fairly stable baseline concentration of the pig cerebral interstitial fluid 5-HT of about 1.7 nM, equal to what has been found in mice, [30] [31] [32] [33] [34] and ÁF NT was then computed as 1.7 nM times the relative peak increase in 5-HT level minus 1.7 nM. The data were fitted to the model given in equation (1) with a non-linear regression analysis. The groups of pre-treatment with saline or pCPA were compared with unpaired two-tailed t-test. Figure 1 illustrates the placement of the tip of the probe, from which the membrane extends 4 mm upwards in the grey matter. Except for one pig with one misplaced probe, both probes were correctly positioned in all pigs.
Results

Probe placement
Tissue concentrations of 5-HT
The mean tissue concentrations of 5-HT in pigs pretreated with saline was 0.25 AE 0.05 mg/g tissue (mean AE SD, N ¼ 7) cortical tissue. Pre-treatment with pCPA resulted in lower 5-HT tissue concentrations, 0.05 mg/g tissue (N ¼ 2), in line with previous observations. 23 In vivo microdialysis Figure 2 illustrates time-dependent effects of the interventions on changes in cerebral 5-HT as measured by microdialysis in the mPFC. Fenfluramine produced an immediate and powerful increase in extracellular 5-HT level to a peak 1123 AE 144% (N ¼ 2) relative to baseline level (100%). The 5-HT releasing effect of fenfluramine was blunted by pCPA pre-treatment, with a peak 5-HT increase to 516 AE 159% (N ¼ 2). Citalopram produced an immediate increase in 5-HT, to 217% (N ¼ 2), that was normalized or perhaps even reversed after 30 min. The combination of pindolol and citalopram intervention prolonged and enhanced the serotonergic response as compared to citalopram alone, leading to a sustained mean increase of up to 441 AE 78% (N ¼ 3) of 5-HT baseline level. Saline intervention did not change the 5-HT level in the pig brain relative to baseline level.
In vivo PET imaging
The V T in the baseline scans was 7.3 AE 1.7 mL/cm 3 (N ¼ 13) in the neocortex grey matter and 3.6 AE 1.0 mL/cm 3 (N ¼ 13) in the cerebellum. The 5-HT occupancy was quantified using the Lassen plot in each individual pig. The 5-HT 2A receptor occupancy was 17 AE 5% (N ¼ 2) with saline, whereas the occupancy after pharmacological intervention with citalopram was 19 AE 2% (N ¼ 2), with combined citalopram Table 1 . and pindolol 28 AE 4% (N ¼ 3), fenfluramine with pCPA pre-treatment 38 AE 3% (N ¼ 2) and fenfluramine with no pre-treatment 44 AE 3% (N ¼ 2). Based on the baseline and the intervention scans, the non-displaceable distribution volume (V ND ) of [ 11 C]Cimbi36 was determined to 2.7 AE 0.5 mL/cm 3 (N ¼ 9). Figure 3 shows an example of microdialysis data and an occupancy plot obtained in one pig. The corresponding measures of the PET occupancy and the ÁF NT were fitted to equation (1) (Figure 4 ). K NT can be calculated from equation (1) and was determined to be 14.3 nM, i.e. about eight times higher than the baseline brain interstitial 5-HT concentration. The observed correlation measures complied with the competition model (equation (1)).
Correlation of microdialysis and PET measures
Discussion
We here show, first, how different pharmacological interventions directly change the cerebral interstitial fluid concentration of 5-HT in the pig brain. Second, we demonstrate how the cerebral binding of 5-HT 2A receptor agonist radioligand [ 11 C]Cimbi36 changes in response to these interventions.
The pharmacological interventions induced a dosedependent increase in cerebral 5-HT release of 2-11fold of baseline level in the mPFC in the pig brain. This is in line with microdialysis studies in rats and non-human primates where the increase in the cerebral 5-HT level was 4-35 fold with fenfluramine (1-10 mg/ kg) [35] [36] [37] [38] [39] and we observed an 11-fold increase with fenfluramine (0.5 mg/kg). Further, in rats citalopram (5-10 mg/kg) 40 induced a 2-4-fold increase in 5-HT level compared to the 2-fold increase with citalopram (2 mg/kg) in our study. A lower dose of citalopram (1 mg/kg) did not change the extracellular 5-HT level in the rat, but when the 5-HT 1/2 receptor blocker methiothepin was added, 5-HT levels increased four times as compared to the baseline level. 41 This increase was equivalent to the four-fold increase with citalopram (2 mg/kg) plus pindolol (1 mg/kg) used in our study. Although we used smaller doses of all the pharmacological interventions in the pig as compared to the studies in the rat, we observed an increase in extracellular 5-HT level comparable to those in the rats. This efficacy of lower doses could be due to species difference, or could be ascribed to the absence of anaesthesia in some of the rodent studies or differences in the administration route of the drugs. [35] [36] [37] 39 In any (1)). The points did not deviate significantly from the model. instance, we found that a dose of 1.5 mg/kg was the maximal dose of fenfluramine that the pigs tolerated.
pCPA-pretreatment effectively reduced the brain 5-HT levels to $20%, which is in line with Ettrup et al. 23 Although a higher percentage of depletion (5-10%) was achieved in rats with pCPA-pretreatment of 200-400 mg/kg, 42 Ettrup et al. did not in pigs find an added effect of increasing pCPA dose from 50 to 100 mg/kg. 23 This lack of a clear dose-response relationship has previously been ascribed to a threshold effect or to a limited bioavailability from intramuscular administration in pigs compared to intraperitoneal administration in rats. Somewhat unexpectedly, this vast reduction in total 5-HT level only reduced the fenfluramine induced 5-HT release to about half as much as compared to saline-pretreated pigs. This could be caused by the serotonergic neurons more efficiently storing and releasing 5-HT in the vesicles of the synaptic terminal. Alternatively, given that our microdialysis measurements only generate relative increases in interstitial fluid 5-HT, if pCPA-treated pigs had reduced interstitial fluid baseline 5-HT levels to 20% of the saline-pretreated pigs, then the absolute amounts of released 5-HT could have been substantially smaller. Based on the occupancy plot (Figure 4) , the latter did, however, not seem to be the case.
Depending on the pharmacological intervention, the 5-HT 2A receptor occupancy as measured by the PET radioligand [ 11 C]Cimbi36 ranged between 19 and 44%. The paired data on 5-HT microdialysis and [ 11 C]Cimbi36 occupancy measures comply with the competition model (equation (1)) and indicate that [ 11 C]Cimbi36 was sensitive to changes in endogenous 5-HT levels, but that was only detectable with PET when the 5-HT release was sufficiently high. As anticipated, we observed a higher occupancy with more powerful serotonergic challenges and also a higher occupancy when citalopram was combined with pindolol.
Based on the data shown in Figure 4 , we estimated K NT (the affinity of 5-HT to the 5-HT 2A receptor) to be about 14.3 nM. For comparison, the concentration of 3 H-5-HT that labels 50% of cloned human 5-HT 2A receptors is 21 nM (PDSP K i database).
To put our findings in perspective, one can compare the sensitivity of [ 11 C]-Cimbi36 to 5-HT to that of [ 11 C]raclopride to dopamine, a much used approach to detect in vivo change in cerebral dopamine. From microdialysis studies in non-human primates, it is known that when amphetamine 0.3 mg/kg is given intravenously, the interstitial dopamine concentration increases approximately 8-fold. [43] [44] [45] In non-human primates, an 8-fold increase in dopamine results in a decrease in [ 11 C]-raclopride BPnd of 13%. 46 This is consistent with findings in humans, where intravenous amphetamine 0.2-0.3 mg/kg results in a decrease in striatal BPnd of 15.5% 46 or 13%. [47] [48] [49] From Figure 4 it can be seen that when interstitial 5-HT is pharmacologically increased by 8-fold, and [ 11 C]-Cimbi36 BPnd decreases by 46% (CI 38-55%), i.e. [ 11 C]-Cimbi36 is over three times more sensitive to changes in 5-HT than [ 11 C]-raclopride is to dopamine. Moreover, while [ 11 C]-raclopride can only be used to reliably assess dopamine changes in striatum, [ 11 C]-Cimbi36 can -due to the widespread and relatively uniform distribution of the 5-HT 2A R -theoretically be used to determine regional 5-HT changes in the brain.
As expected, saline intervention did not change microdialysis 5-HT brain levels, and still we somewhat puzzlingly observed 5-HT 2A R occupancy in the two saline-treated animals, 12 and 21% (average 17%). In two animals that received inactive fenfluramine, however, the 5-HT 2A R occupancy was only 4% and 9%. We have no explanation for this variability in occupancy, but speculate that anesthesia or a better peripheral pain alleviation instituted after the initial scans could play a role. 50 In a previous PET study in humans using the 5-HT 2A receptor antagonist [ 18 F]altanserin, intervention with citalopram þ pindolol did not change the occupancy. 8 This difference could, however, also be ascribed to a higher sensitivity to 5-HT competition with the 5-HT 2A receptor agonist [ 11 C]Cimbi36 compared to the antagonist [ 18 F]altanserin, which binds to both low and high affinity receptors. Our data suggest that the reason why a reduction in [ 18 F]altanserin PET was seen after dexfenfluramine 10, 15 but not after citalopram þ pindolol 8 is because dexfenfluramine is a much stronger elicitor of 5-HT.
Three studies in humans tested the sensitivity of the 5-HT 1A receptor radioligand [ 11 C]CUMI-101 16, 51 and the partial 5-HT 1B agonist radioligand [ 11 C]AZ10419369 17 to pharmacological changes with escitalopram or citalopram. While Pinborg et al. 51 did not observe any significant change in [ 11 C]CUMI-101 binding following an intravenous infusion of citalopram ($0.15 mg/kg), Selvaraj et al., 16 using a similar dose of citalopram ($0.15 mg/kg) found a mean increase of 7% in BP ND in several cortical regions, but no change in the dorsal raphe nucleus (DRN). Likewise, in humans, Nord et al. 17 reported increased binding of [ 11 C]AZ10419369 in serotonergic projection areas following a clinically relevant peroral dose of 20 mg escitalopram ($0.28 mg/kg), whereas there was a statistical trend for a decreased raphe nuclei binding. Thus, two studies in humans showed an increase in [ 11 C]CUMI-101 16 and [ 11 C] AZ10419369 17 binding, rather than the expected decrease. This was in both cases interpreted as a consequence of the pharmacological challenge inducing a temporary decrease in 5-HT, due to 5-HT 1A autoreceptor regulation. Although in a different species, our data do not lend support for an acute decrease in cerebral interstitial 5-HT levels, at least not when giving what corresponds to a 3-4 times higher dose of citalopram. Currently, no studies have investigated the effect of lower doses of citalopram on brain interstitial 5-HT levels.
A limitation of this study is that microdialysis allows only for measurements in a few selected brain regions, while PET, on the other hand, can generate information about changes in the 5-HT of the entire brain. Other microdialysis studies 41, [52] [53] [54] [55] show that the SSRI-induced elevation in the extracellular 5-HT level is higher in the DRN compared to striatal and cortical projection areas, where the 5-HT increase is lower or even absent. This region-dependent pattern may be caused by a higher density of the 5-HT transporter and 5-HT 1A receptors in the DRN 56, 57 and inhibition of DRN firing rate to projection areas. 55, 58, 59 Therefore, the Á[5-HT], as measured by microdialysis in the mPFC, may not necessarily reflect the different regional changes in the interstitial 5-HT level. By using the occupancy plot, we implicitly assume a uniform release of 5-HT throughout the brain. While this assumption may not be justified, we nevertheless found that the occupancy plots generally had statistically significant correlations with good r-square values. The low number of pigs (2) (3) in each group of the serotonergic challenges did not allow for a statistical comparison of the different pharmacological intervention effects, but that was not the main goal of the study. Rather, we wanted to asses the sensitivity of [ 11 C]Cimbi36 to detect changes in 5-HT brain levels.
In conclusion, we demonstrate that the change in the [ 11 C]Cimbi36 PET signal correlates to pharmacologically induced changes in interstitial 5-HT brain level. The observed correlation between changes in the extracellular 5-HT level in the pig brain and the 5-HT 2A receptor occupancy indicates that [ 11 C]Cimbi36 is sensitive to changes in endogenous 5-HT levels, but that is only detectable with PET when the 5-HT release is sufficiently high. Differences in earlier studies may thus be ascribed to the efficacy of the pharmacological interventions to change interstitial brain 5-HT levels. Verifying the direct correlation between pharmacologically induced changes in 5-HT and [ 11 C]Cimbi36 PET occupancy is an important step prior to conduction of clinical trials and the calibration allows for estimating the regional relative change in interstitial 5-HT in patients in future studies.
